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^ ' Abstract 

l^j^ ' We show that the large, direct CP-violation parameter = — (7 T7r , re- 

. ported by the BELLE collaboration in the decays B (B°) — > ir + ir~ , implies 

^f~j ' an unusual situation in which the presence of a very large difference between 

two strong-interaction phases (~ —110°) plays an essential role. We make the 

CO ■ demonstration within a model of strong, two-body quasi-elastic interactions 

' between physical hadrons. The model can accommodate a large difference 

*"^h , between two strong-interaction phases, for which it provides a natural en- 

Qk 

P 



hancement 



O !* Two experiments have very recently published results concerning CP violation in 

the decays B (B°) — > 7r + 7r [1, 2, 3]. The results involve measurements of the 
two parameters which determine mixing-induced and direct CP-violation. Direct 
CP-violation would occur even if the sizable mixing [4] between B° and B caused 
by the known [4] mass difference Am^ between the states (pB° =p qB ) / \/2, were to 
vanish (i. e. Am<j — > 0). When one recalls that more than 25 years passed after the 
discovery of CP violation[5], before direct CP violation in the A" — K system was 
established by different experiments [6, 7, 8], it is clear that the significance of the 
present single experimental indication [1, 3] for large, direct CP violation in the B° — 

B system warrants careful consideration. The two general empirical parameters 
mentioned above are, of course, related through the parameters of the standard 
model and certain dynamical assumptions[l, 2] . However in the decay mode in which 
CP violation in the B° — B system was discovered [9, 10], that due to mixing is large 
[9, 10], whereas direct CP violation is not detected [9]. It is a general requirement 
[11, 12] that significant elastic and/or inelasticity-induced, strong-interaction phases 
(at least two different phases) be present, in order for direct CP violation to be 
manifest in the decay amplitudes for particle and antiparticle.^ 1 In this paper 
we demonstrate within an explicit and clear dynamical model involving physical 
hadrons, that if the large, direct CP violation recently reported [1, 3] is confirmed, 
then a most unusual situation must hold for the two necessary strong-interaction 
phases. This is our main purpose. The model can accommodate, in principle, the 

F1 In 11 is one of the first published calculations which explicitly demonstrates the necessary 
role of different inelasticity-induced, as well as elastic, strong-interaction phases among physical 
hadrons in CP violation (sometimes referred to as "soft" final-state interactions, in the ensuing 
popular literature). 
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necessary generation of a large difference between two strong-interaction phases of 
about —110°. It provides a natural enhancement for the phase difference. 
The time evolution of the decays B (B°) — > n + Tr~ is described [1, 2] by F2 



e -\At\/r B0 

/±(At) = — {1 ± sin(Am d At) T C n7r cos(Am d At)} (1) 

4r B o 

where the upper (lower) sign refers to B°(B°) decay (with a B°(B ) tagged). The 
phenomenological parameters [13] Snn and C X7r , for mixing-induced and direct CP 
violation respectively, are defined by 

21mA 1-IAI 2 f } 

1 + |A| 2 ' G7r ^l + |A|2 W 

with A = (q/p)(Bnn/Bnn)- The states (heavy (H) and light (L)) with mass differ- 
ence Arrid [13] are 

>= (p\B° > T?|S° >)/>/2; k/p| = I (2b) 



Here Bnn and B T7r denote the complex decay amplitudes for B (B°) — > 7r + 7r _ , 
respectively. In the model developed below, these amplitudes depend upon two 
strong-interaction phases, and upon a CP-violating weak-interaction phase; an ex- 
plicit dependence is exhibited in Eqs. (7,8) below. The BELLE[1, 3] and BABAR[2] 
results are: 

BELLE : Snn = -1.23 ± 0.41(stat) t°;^(syst) 

= -Aktt = -0.77 T 0.27(stat) =f 0.08(syst) 

BABAR : S n7r = +0.02 ± 0.34(stat) ± 0.05(syst) 

= -Ann = -0.30 ± 0.25(stat) ± 0.04(syst) (3) 

As we shall see below, a remarkable feature of the BELLE data is the large magni- 
tude of C 7r7r (— Ann), F3 the parameter which describes direct CP violation (i. e. is 
present for Am^ — ► 0). 

We begin the analysis with the determination of two strong-interaction eigen- 
states F4 which mix the final n + TT~ system (the component with isospin zero) at 
a total (c. m. ) energy of m^o = 5.28 GeV, with another two-particle system of 
distinctly different particle content, namely rjrj c . [12] F5 This particular system is 
mixed by quasi-elastic strong interaction [11, 12] with irir. F5 The reaction is quasi- 
clastic at a c. m. energy of 5.28 GeV, the momentum in the r\r\ c system is 0.7 times 
that in the irir system. The cc component which is implicit in the constitution of 
the system^ 5 ijr] c , brings the complex phase S ( or <5i3) [14] of the CKM matrix 

F2 We use the notation of [2]. One must note that the parameter for direct CP violation Cnn, is 
the same as (-1) times the parameter denoted by Ann in [1, 3]. 

F3 The physical boundary is at (5^ + C 2 ^.) = 1. Approximate formulae from our model and 
from other models [3], may allow larger values near to the boundary, for certain values of the 
parameters. So does the present BELLE data, presumably from a statistical fluctuation. [1, 3] 

F4 Thc consideration of two eigenstates is a minimal idealization which allows one to see clearly 
the essential features of the strong and weak-interaction elements in the physics, when the r)ri c (cc) 
particle (quark) content of the mixed system is considered. All three quark generations come into 
play, through charged currents. 

F5 One could equally well consider the system vj ' t] c . Both systems were used in [12], where strong- 
interaction phases were calculated which are relevant for estimating sizable direct CP-violating 
asymmetries in the charged decay modes — > (n^r], n^rf, ir^rjc). A CP-violating asymmetry 
in a charged-particle decay mode remains to be discovered (for B or K). BELLE may be on the 
track (private communication from K. Abe). 
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(necessary for CP violation in the standard-model weak interaction) directly into 
play in the decay amplitudes B n7T and (Eq. (6) below) . Consider a two-by-two 
strong-interaction K matrix for quasi-elastic scattering of the form 

tttt r\r\ c 

K = tttt ( \ x e/V2(47r™ B o) (4) 

The momenta in the two systems are respectively, p v = (m B o /2),p Vc = 0.7(m B o /2). 
The single dimensionless parameter e controls the strength of the effective "scat- 
tering length", (\/2e)/(47rmso), F6 which is taken as > 0. A priori, a parameter 
like e is of order unity. [12] We shall allow e to be "enhanced", in order to see 
what is necessary to represent the BELLE data. We do not consider an effec- 
tive "scattering length" larger than a few times (l/m B o), that is < (1/ GeV), 
corresponding to a maximal strong-interaction phase of about 60° in magnitude. 
Unitarity is respected by using 1/(1 + iK) in the decay amplitudes [12], leading to 
the Watson strong-interaction phase factors e* Al 2 for the eigenstates. The eigen- 
states of K are simply |1 >= (\tt + tt~ > +\rjr] c >)/\/2 with eigenvalue phase Ai 
given by tanAi = + ( ^/2p 7T p ric e) / (47rm B o ) , and |2 >= {\tt + tt~ > —\r]r] c >)/\/2 
with eigenvalue phase A2 given by tanA2 = —(yj 2p lx p r]r e) / (Aarm bo ) . Note that 
there are the two essential strong-interaction phases, and that these are opposite in 
sign. This feature leads to an immediate doubling of the magnitude of the phase 
difference (A 2 — Ai), and the direct CP-violating asymmetry parameter C W7r is pro- 
portional to sin(A2 — Ai). This doubling is an important effect obtained in this 
model, also because it can take individual phases in the fourth and first quadrants 
into a phase difference in the third quadrant, with the resulting negative sign for 
the cosine and sine of the phase difference. It is the negative cosine which gives 
rise to an enhancement of the magnitude of C nn , in Eq. (10) below. The state 
\tt + tt~ >= (|1 > +|2 >)/\/2; the explicit dependence on the strong-interaction 
phases in the decay amplitudes can be exhibited as 

B^ = e jAl (A 1+ A 2 e^-^) 

B-ktt = e^(A* 1+ A* 2 e^-^) (5) 

The two complex amplitudes A\p, involve the weak interactions; explicitly the 
KM phase S from the quark mixing matrix. Within this model with eigenstates 
(\tt + tt~ > ±\rjrj c >)/v / 2, we are led to an ansatz for the explicit forms A\^, 

A 1 = Ae- lS {l + ae lS ) 
A 2 = Ae- lS {l-ae tS ) 

A real (6) 

with a = (s2/s3)/ C c = sf C c <~ s. Here / c5 represents a "fraction" for a cc component 
in the system r\r\ c \ we use f C c ~ 1 in numerical estimates. The ratio of the sines of 
small mixing angles (s 2 /s 3 ) = s > 1 (we use s ~ 2.5 in numerical estimates [14]), 
appears as the result of the relative values of different elements of the CKM matrix 
(in its original form[15], or as (S12S23/S13) in the "standard" form[14]). The relevant 
elements involve that for b — > c times that leading to cd, relative to that for b — > u 
times that leading to ud. (We approximate the cosines of the small CKM angles as 

F6 For simplicity, wc do not deal with diagonal elements. For elastic scattering, it is the diagonal 
elements which are non-zero, and these K matrix elements are simply the negative of the tangent 
of the elastic phase shifts. Thus, here the quantity (\f2e / '(inm B o ) is the magnitude of an effective 
"scattering length" which acts as a measure of the strength of the two-body quasi-elastic interaction 
7r+7r~ — » rjTjc, at c. m. energy of m B o = 5.28 GeV. 
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<~ 1.) Thus, the amplitudes Ai, 2 involve two different CP-violating phases Si t2 , as 
functions of S. 

A x = AN ie - lS e^; tan ft 



A 2 = AN 2 e- lS e l&2 - tan* 



(l + (l/scos<5)) 
tan 5 
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(1 - (l/ScosJ)) 

with N ia = {(l±Scos(5) 2 + (Ssin(5) 2 } 1/2 (7) 

The phase difference (S 2 — Si) is not zero unless S — ► (i. e. Si = S 2 = 0). Using 
Eqs. (6,7) we have, in the model 

= A > e -iS e i(A 1+Sl ) | r + e i(A a -A l)e i(&-«i) j 

Bmt = J 4' e +« e i(A 1 -i 1 )| r + e i(A 2 -A 1 ) e -i(fc-5 1 )j 

withr = {Ni/N 2 ), A' = AN 2 (8) 



Then 



f „ 1 „i(A 2 -Ai) .t(* 2 -«i) 1 

\ r + e i(A 2 -A 1 ) e -i(« 2 -« 1 ) J ^ 

using[13, 14] (q/p) = e~ l2/3 , 2/3 <~ 45°. We thus obtain explicit formulae for the C V7r 
and SVtt in Eq. (2a), using the model; we use [14] S ~ 45° in numerical estimates. 

_ i (sin A 2 i)(sin<5 2 i) 



(±±^) + (cosA 21 )(cos<5 21 ) 

(rcos A 2 i + cos# 2 i) sin<5 2 i 



S 1 ^ = + cos(2/3 + 25 — 2<5i) 



+r(cosA 21 )(co S( 5 21 ) J 
-sin(2/3 + 2(5-2(5i) (10) 

with r 2 2.95; tan<5i = 1/(1 + 1/(2.5 x .7)) = 0.635 Si ^ 32.5°; 

tan<5 2 ^ 1/(1 - 1/(2.5 x .7)) = 2.32 ^ 5 2 = 66.5° and thus S 21 = (6 2 - 5 X ) 34°; 

A 2 i = (A 2 - Ai). 

Clearly, as <5 — > we have <5i i2 — > and |A| — > 1; then CV^ — -> and S V7r — > 
— sin2/3 ~ —0.7, as measured in [9, 10]. As stated after Eq. (3), the BELLE value 
for A %7T = — C niT is large; in the context of the above formula this requires a very 
large A 2 i to obtain an enhancement factor from the denominator. We consider 
A21 = —110°. As stated following Eq. (4), this is nearly the largest phase difference 
that we can consider within the framework of this model. Then from Eqs. (10), we 
calculate 

^ (sinll0°)(sin34°) 

11 ~ 1.15+ (cos 110°)(cos34°) ~ 

, „„ox f (1-72 cos 110° + cos 34°) (sin 34°) 1 . nn0 

~ cos 70° <^ v - — — — A — '- \ - sin 70° 

v '{ 1.97+ 1.72 cos 110° cos 34° J 

~-0.9 (11) 
Such a large difference between two strong-interaction phases is a surprising new 
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result. F7 From our discussion following Eq. (4), 

A 2 i = {tan _1 (-w) -tan _1 u;} = -110° 



= Vp^(^^J = Vp^ a ~ 1A3 ( 12 ) 



and thus there is an effective "scattering length" of 

A = (_>/k-)„ „ 1± sj 0.65/ GeV < 1/ GeV (13) 

This dynamical model thus allows, in principle, for such a strong quasi-elastic 
interaction. F8 However, in the context of two-body interactions of physical hadrons 
at 5.28 GeV c. m. energy, the A in Eq. (13) appears rather large. For exam- 
ple, taking[12] e ~ 1 gives only a small A ~ 0.11/to b o ^ 0.02/ GeV. Then, 
A 2 i = (A 2 — Ai) ~ — 2u r~j —0.09, which results in a much smaller parameter for 
direct CP violation 

C nn - -0.025 (14) 

If there is a large C nn , a measurable prediction for the decay mode B°(B°) — > 
7777c is that (C r)r)c )b.r. = — (CV,r)b.r., where b.r. denotes multiplication of C by the 
corresponding branching ratio. Also, from only the quasi-elastic strong-interactions 
which we have discussed here, the parameter for direct CP violation in B (B°) — > 
7r°7r° is (Cjjb.r. = (CW) b . r .. 

The main result of this paper is the sizable value calculated for A V7r = —C nv . 
In connection with the present experimental results [2, 3] for S vw , we note that 
there is a different simple possibility for the calculated within the framework of 
Eqs. (10) obtained from this dynamical model. This involves the possibility within 
the model of 61.2 — > £2,1 with Ni t 2 — > iV^i, and A1.2 — > A2.1. This illustrates the 
role of the first term for S 1 ^ in Eq. (11) which then gives rise to a somewhat smaller 
— S n7T . CVtt is unchanged. This suggests that it is not natural to have a sizable 
together with a very small S nn . On the other hand, if final-state interactions are 
completely neglegible, CVtt — » 0; then we have S n7T — > sin(2/3 + 2<5), which could be 
- if (2/3 + 2(5) is - 180°. 

In summary, we have shown that the large, direct CP-violating parameter |C W7r | 
reported [1, 3] by the BELLE collaboration implies the presence of a very large 
difference between (at least) two strong-interaction phases. We have shown how 
strong, two-body quasi-elastic interactions between physical hadrons at mgo = 5.28 
GeV, can accommodate such an unusual strong-interaction phase difference. Fs This 
type of model might allow new possibilities for estimating the strong-interaction 
phases which are necessary for observable direct CP violation, in other two-body 
final states from B (B°) decay. 

S. B. thanks Lahlit Schgal and Kazuo Abe for information. 



F7 It is interesting that the BELLE collaboration has reached a similar conclusion about the 
necessity for a very large strong-interaction phase difference (also ~ —110°, note Fig. 9 in [3]), 
using different phenomcnological formulae which originate in quark dynamics, (but are similar 
in form to our Eq. (10)). However, there is no indication of how such a large phase difference 
might arise from high-energy strong interactions involving pcrturbativc gluons and elementary 
quarks. Neither is it apparent how hypothetically different, strong-interaction phases for different 
amplitudes at this level, are carried over to the state of physical hadrons. 

F8 Extension of the idea of using coupled channels^ 5 , to include r)' , ?7(1295), 7)(1440), could in- 
crease the effective strength (as then roughly summarized by the parameter A in Eq. (13)). 
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Added note 



The BABAR collaboration has just reported the observation of the decays B T — > 
tt^t], and an interesting negative, direct CP-violating asymmetry (in hep-ex/0303039) 
In [12], minimal estimates of the strong-interaction phases are used in estimating 
the CP-violating asymmetries. Values of the if-matrix elements for the final-state 
strong interactions are taken, which are minimal in magnitude. These are likely to 
be larger, by a factor of at least 2. The calculated asymmetries are multiplied by 
this factor. S. B. thanks Janice Button-Schafer for helpful communications about 
the new BABAR results. 
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